Alternative gene splicing, occurring ubiquitously in multicellular organisms can produce several protein isoforms with putatively different functions. The enormously extended genomic structure of mucin genes characterized by the presence of multiple exons encoding various domains may result in functionally diverse repertoire of mucin proteins due to alternative splicing. Splice variants (Svs) and mutations in mucin genes have been observed in various cancers and shown to participate in cancer progression and metastasis. Although several mucin Svs have been identified, their potential functions remain largely unexplored with the exception of the Svs of MUC1 and MUC4. A few studies have examined the expression of MUC1 and MUC4 Svs in cancer and indicated their potential involvement in promoting cancer cell proliferation, invasion, migration, angiogenesis and inflammation. Herein we review the current understanding of mucin Svs in cancer and inflammation and discuss the potential impact of splicing in generating a functionally diverse repertoire of mucin gene products. We also performed mutational analysis of mucin genes across five major cancer types in International Cancer Genome Consortium database and found unequal mutational rates across the panel of cancer-associated mucins. Although the functional role of mucins in the pathobiology of various malignancies and their utility as diagnostic and therapeutic targets remain undisputed, these attributes need to be reevaluated in light of the potentially unique functions of diseasespecific genetic variants of mucins. Thus, the expressional and functional characterization of the genetic variants of mucins may provide avenues to fully exploit their potential as novel biomarkers and therapeutic targets.
Introduction
Mucins are expressed at the apical surfaces of polarized epithelial cells either as transmembrane or as secretory glycoproteins, characterized by high molecular weight and extensive O-linked glycans (1, 2) . The presence of polymorphic Variable Number of Tandem Repeats (VNTR) rich in Proline, Threonine and Serine residues (PTS domain) is a hallmark of all mucins (3) . A total of 21 mucins have been identified in humans to date, of which 12 are membrane tethered (MUC1, 3A, 3B, 4, 12, 13, 14, 15, 16, 17, 21 and 22) , 7 are secreted (MUC2, 5, 6,7,19, and 20) , due to the lack of a transmembrane domain and domain architecture is unknown for MUC8 and MUC9. Although the expression pattern of various mucins in the respiratory, gastrointestinal and genitourinary tracts has been characterized and their involvement in multiple pathologies extensively studied, the biology of mucins remains poorly understood.
Mucins not only protect the epithelial lining from the external environment but they are also an important class of molecules aberrantly overexpressed in various pathologies and have been mechanistically implicated in inflammatory disorders and epithelial cancers. By the same token, they serve as useful prognostic and diagnostic markers, as well as potential therapeutic targets (1, (4) (5) (6) . Mucins are transcribed from large genes containing multiple exons that encode various functionally unique domains, including sperm protein enterokinase agrin (SEA), epidermal growth factor-like (EGF-like), Nidogen-like (NIDO), the von Willebrand factor D like (vWD) and the cytoplasmic tail (CT) and are hence structurally and functionally heterogeneous. These domains facilitate interactions with cell surface proteins like integrins and receptor tyrosine kinases, and the components of extracellular matrix (ECM) that allow mucins to mediate diverse roles under physiological and pathological conditions including protection and lubrication of epithelial surfaces, regulation of cell-to-cell interactions, environmental sensing, and immune modulation (7, 8) .
Like other eukaryotic genes, mucins undergo extensive splicing. Due to their large genomic size and presence of multiple exons encoding various domains, alternative splicing of mucins genes can potentially create a large repertoire of structurally and functionally diverse splice variants (Svs). In fact, discovery and evaluation of multiple transcripts have revealed that mucins Svs do play a critical role under various pathological conditions. The functional evaluation of various MUC1 Svs, namely MUC1/Y, MUC1/A and MUC1/B in different cancers and inflammatory disorders, discussed in detail in subsequent sections, best exemplifies the critical role of mucin Svs. In addition to splicing, mucins genes carry multiple mutations in various functional domains. Further, polymorphisms in their VNTR region can facilitate various mechanisms that may contribute to different pathologies. The implications of structural and functional heterogeneity of mucins resulting from a combination of alternative splicing, mutations and polymorphisms in physiology and disease have been poorly understood and understudied. This review summarizes the studies on mucin splicing, discusses its contribution to various pathological conditions in the context of the current understanding of the functions of mucin domains and emphasizes the need to comprehensively evaluate their biological significance.
Mucin domains
Mucins contain multiple domains arranged in a specific order to facilitate their putative functions. Many of these domains like SEA, NIDO, vWD, and Adhesion-associated domain in MUC4 and Other Protein (AMOP) are evolutionarily conserved in mucin like proteins, suggesting an important role played by these domains (9) (10) (11) . Here, we briefly describe the structural attributes of domains commonly present in the majority of mucins and their known and putative functions.
SEA domain
The SEA domain is present in the majority of membrane-bound mucins, including MUC1, MUC3, MUC12, MUC13, MUC14, MUC16 and MUC17. Most of these mucins have a single SEA domain, except MUC16, which has 33 SEA domains arranged in tandem (12) . The precise function of SEA domain is unknown, but based on its presence in different proteins along with its subcellular localization, it is suggested to be involved in cell-ECM interactions. Therefore, the SEA domain potentially contributes to the critical role played by mucins during cell migration and cancer metastasis.
vWD domain
The vWD domain is present in MUC2, MUC4, MUC5AC, MUC5B, MUC6 and MUC19. It was first identified in the von Willebrand factor in blood and later in multiple proteins involved in extracellular adhesion functions. In a pathological context, this domain has been most commonly associated with bleeding disorders (13) . However, in the context of malignant disease, the upregulation of von Willebrand factor may confer a pathological advantage to circulating tumor cells.
NIDO domain
This extracellular domain consists of ~180 amino acids and is present in proteins that interact with matrix components (14, 15) . The NIDO domain is only present in MUC4 and is believed to participate in the metastatic dissemination of pancreatic cancer cells by compromising the integrity of the basement membrane (16) . Deletion of NIDO from MUC4 resulted in significant reduction in extravasation of pancreatic cancer cells in vitro as well as a significant decrease in liver metastasis in vivo (16) . The MUC4-NIDO domain interacts with fibulin-2 to facilitate metastasis (16) .
AMOP domain
The AMOP extracellular domain is present only in MUC4 and contains ~100 residues with eight conserved cysteine residues that are suggested to be involved in cross-linking through disulphide bridges (10) . This domain was identified in MUC4 by a bioinformatics PSI-BLAST search analysis for the sequence between the NIDO and vWD domains (1, 10) . The presence of AMOP domain is restricted to proteins that contain other cell adhesion domains like NIDO and vWD domains.
EGF-like domain
The EGF-like domain is a small, evolutionary conserved domain of 30-40 residues that is present extracellularly in membranebound and secreted proteins (17) . The EGF-like domain is present either singularly or in tandem, which folds together into a single solenoid functional unit (17) (18) (19) . MUC3 contains two EGF-like domains and MUC4 has three, arranged in tandem at the 3′ end of the molecule (1, 20) . MUC13 contains three EGFlike domains, which flank the SEA domain (21) . The importance of EGF-like domains in mucins is not clear; however, with the loss of polarity and redistribution of surface molecules under pathological conditions, these domains can act as ligands for EGF receptor family members and may potentiate proliferative signaling.
Cytoplasmic tail
All membrane-tethered mucins have a cytoplasmic domain consisting of residues that can undergo posttranslational modifications and interact with adaptor proteins to participate in cell signaling pathways. The MUC1 CT is the most studied one, which interacts with beta-catenin, ZAP70 and heat shock protein-70, and participates in Wingless, the Drosophila melanogaster segment-polarity gene, and integrase-1 (Wnt), and nuclear factor kappa light-chain enhancer of activated B cells signaling pathways (2, 5) . Recently, MUC16 CT has also been shown to increase the metastatic potential of pancreatic cancer cells by mediating JAK2 translocation to the nucleus and upregulation of LMO2 and NANOG (22) . (26) . The underlying mechanisms of alternative splicing in cancer have been extensively reviewed in several articles (24) (25) (26) and hence not discussed in detail here.
Mucin splice variants

Mucin1
MUC1 is located on chromosome 1 in the q22 region, spanning 4-7 kb, and encoded by seven exons (E). This protein consists of a VNTR region with 20-125 repeats of 20 amino acids and other important domains like SEA and the cytoplasmic tail (27) . MUC1 is synthesized as a single polypeptide chain but undergoes cleavage in the SEA domain due to molecular stress; the resulting two fragments are held together through non-covalent interactions (27) . MUC1 has extensively been investigated and shown to play a role in various physiological and pathological conditions such as infection, inflammation and cancer (3, 28) .
Alternative Svs of MUC1
MUC1 mRNA is differentially spliced under various pathological conditions and in a tissue-specific manner ( Figure 1 ). Of the seven exons E1-E7, E1 codes for signal sequence and is retained in all known Svs, whereas E2 codes for the VNTR region and E4-E7 code for the MUC-1β region, which consists of a transmembrane domain and a cytoplasmic tail. There are a total of 78 known Svs for MUC1 generated due to exon skipping, alternative use of 5′ and 3′ splice sites and the complete or partial retention of introns (29) . Among all the exons, E4 has the highest skipping rate (29) . Multiple conventional and cryptic splice sites are used during the processing of MUC1 transcript. The most commonly used cryptic splice sites in intron 1 are at positions 3096 and 3222 at the 5′ and 3252, 3261, 3471, 3507 and 3534 at the 3′ ends, respectively. The use of a cryptic 5′ splice site at 3600 and 3′ splice sites at 3934, 4120, 4192, 4205, 4235, 4259 and 4278 in E2 result in VNTR exclusion, which leads to the generation of significantly shorter transcripts called MUC1/Y, X, Z and ZD (29) . Similarly, the 3′ cryptic splice site at position 4945 in E5 is involved in E3 and E4 skipping and the 5′ and 3′ cryptic sites in intron 6 results in E2 retention in the mature transcript.
The VNTR in the wild-type MUC1 (MUC1/B or MUC1/REP) is spliced by an in-frame removal, leading to the generation of MUC1/Y. The E2 containing VNTR region is spliced preferentially due to the presence of the cryptic 5′ and 3′ splicing sites, branch points, cis-regulatory intron splice enhancer elements, multiple splicing factors binding sites (YCAY) and the A/G single nucleotide polymorphism (SNP; i.e. rs4072037) (29, 30) . These elements, collectively, give the characteristic feature of an intron to the E2, which results in VNTR exclusion during pre-mRNA processing or even from the mature transcript as a secondary event. A/G silent SNP (i.e. no change in the amino acid coded) at position 3506 is also involved in the selection of 3′ splice site. The presence of A or G directs the selection of the 3498 and 3471 3′ splice sites, respectively, resulting in different splice forms with a nine amino acid insertion in the signal peptide. Other splice forms lacking the VNTR region, such as MUC1/X, Z and ZD, also contain a deletion of 19 base pairs as well as retention of an additional 54 base pairs (31) . In addition to VNTR exclusion, mature transcripts are generated by comparatively shorter addition and deletion of exons and introns in wild-type MUC1. For example, the MUC1 transcript A is generated due to retention of 27 base pairs of intron 1 at the 3′ end; however, variant C and D have 9 and 27 fewer base pairs, respectively, than wild-type MUC1 at the start of the E2. 
Mucin 4
MUC4 is another membrane-bound mucin that is normally expressed in colon, salivary glands and respiratory and reproductive tracts. MUC4 is mapped to the chromosome 3q29 where it spans 59 kb region. MUC4 gene is encoded by 26 exons, which vary from 65 bp to 22 kb in length and its molecular weight ranges from 550 to 930 kDa due to the polymorphic VNTR region. MUC4 apoprotein contains four functionally unique domains termed NIDO, AMOP, vWD and three EGF-like domains downstream of the central VNTR region. MUC4 structure and biology has seen comprehensively reviewed by us previously (1).
Alternative Svs of MUC4
Similar to MUC1, exon skipping is the most common splicing event, followed by the use of a cryptic donor and acceptor splice sites to generate a wide array of MUC4 Svs (Figure 1) . Here, sv0 is designated as the wild-type MUC4. Comparison of the sequence of different Svs with sv0 highlights mechanisms for generating splice forms that involve multiple events. The most common splicing events include 309_386del76, 474_475ins209 and 474_631del156 [Sv nomenclature is described in reference (33)] involving E4-E7 (34, 35) . The most prevalent splicing event, 309_386del76, observed in MUC4 Svs, sv3, sv4, sv5, sv12, sv13, sv15 and sv16, include the use of a cryptic acceptor site of E5, which results in the deletion of 14 and 76 bp at positions 3284 and 3420, respectively, causing a change in the reading frame.
The other two common events resulting in MUC4 sv1, sv10, sv11, sv15, sv16 and sv18 involve 474_475ins209 and 474_631del156. The event 474_475ins209 involves insertion of an E5, cassette exon, resulting in an additional 211 bp and a consequent change in the reading frame. However, the splicing event 474_631del156 involves an in-frame exclusion of 156 bp of E6, which results due to the use of an alternative splice acceptor site at 3584 position in E7. The least common splicing events include 966_1396del429, 1020_1699del1678 and 2218_2587del368 (34) (35) (36) . Analogous to MUC1/X and MUC1/Y Svs, we identified two shorter forms of the MUC4, which are devoid of VNTR region. Using primers targeted to the ATG region of MUC4 and EGF-like domains (34, 35, 37) , two amplicons of 2849 and 2696 bp were generated that were found to contain an in-frame deletion of E2 (MUC4/X) and E2 and E3 (MUC4/Y), respectively. A total of 17 secreted Svs have been identified, of which variants like sv4, sv9 and sv11-sv17 have modified reading frames with 94 to 201 unique amino acids at the C-terminal end. Two additional variants, sv18 and sv19, have 202 and 243 amino acids less at C-terminal ends with no changes in their reading frames.
Svs of other mucins
Crawley et al. identified a 524 bp long full-length transcript along with three splice forms of MUC3, which were generated due to an exclusion of E3 (408 bases), E4 (459 bases) and E5 (375 bases) in human fetal and adult small intestine and colon (20) . Similarly, MUC2 Svs lacking tandem repeat (MUC2.1) have been reported both in normal and in colon cancer cell lines (38) .
Mucin Svs in cancer and inflammation
Aberrant mucin expression is a characteristic feature of multiple epithelial cancers. However, the precise mechanistic contribution of mucin Svs to the overall pathology of cancer is poorly understood. Due to its higher incidence, most studies have evaluated the role of various MUC1 Svs in cancer and inflammatory responses. (32) . Notably, the 6E6/2 antibody specifically mapped to the MUC1/Y splice site region (junctional sequence) does not react with MUC1/REP (39) . Using this antibody, the expression of MUC1/Y was confirmed in breast and ovarian cancer cells lines. The binding affinity of 6E6/2 was also validated under in vivo conditions by injecting a radiolabeled 6E6/2 antibody into mice bearing DA3 murine mammary cells expressing MUC1/Y in their mammary fat pad, thus demonstrating the clinical potential for this antibody (39) . The presence of MUC1/Y in breast cancer patients was further verified by western blot analysis. This study also verified that MUC1/Y, which is devoid of the tandem repeat, is not cleaved proteolytically like wild-type MUC1/REP (39) .
Mucin Svs in cancer
Another study by Zrihan-Licht et al. demonstrated that breast tumors express very low levels of MUC1 protein and that the expression of MUC1/Y varies among patients. However, MUC1/Y expression was specific to the tumors and was absent in the tumor-adjacent normal tissues (40) . The expression of MUC1/ SEC Sv in breast cancer is enhanced by estrogen treatment due to utilization of different region of the MUC1 promoter for transcription (41) . MUC1/SEC is also expressed in endometrial cancer cell lines (42) , but absent in ovarian cancer tissues. The expression of other MUC1 Svs has been detected in ovarian cancer. MUC1/X expression in ovarian cancer was associated with better response to chemotherapy (43) .
In high-grade serous ovarian carcinoma, MUC1 splicing has also been shown to produce a chimeric RNA, involving TRIM46 and KRTCAP2 genes. Sequencing analysis of 59 high-grade serous ovarian carcinoma patients revealed six different Svs of this chimeric RNA due to the utilization of different splice sites. The expression of the chimeric proteins lead to the synthesis of unglycosylated and cytoplasmically localized forms of MUC1 (44) . Further, the inclusion of MUC1 Svs Y and Z to a panel consisting of cytology, CEA and Ep-CAM improved the sensitivity and specificity for detecting cancerous cells in malignant serous effusion to 94.5% and 93%, respectively (45).
Weiss et al. reported that 7 of the 8 fine needle aspirate samples of papillary thyroid cancer were positive for an alternative MUC1 mRNA product that was absent in all 13 benign samples. This Sv termed MUC1/A was found to differ from the expected sequence by a 27 bp due to the use of an alternative splice acceptor site in E2 and E1 and is associated with SNP (46). The MUC1 Svs A, D, X, Y and Z were also reported in ovarian cancer patients with 98% frequency. However, the presence of MUC1/A was not associated with the response to chemotherapy or overall survival in the ovarian cancer patients (43) .
In cervical cancer, MUC1 Svs A, B, C and D were reported with varying intensities in multiple cell lines, including C-4 II, C33A, DoTc24510, C-4I, SiHa, Hat3, Hs 636 and Hela. This study also identified two additional Svs, C and D (47) . The expression of MUC1/C, D and Z splice forms was shown to correlate with tumor progression in esophageal cancer, whereas wild-type MUC1 demonstrated protective effects and a better prognosis (48) . Hinojosa-Kurtzberg et al. described two important Svs of MUC1 in cystic fibrosis transmembrane conductance regulator-deficient mice with varying lengths of the cytoplasmic tail. MUC1 CT58 and MUC1 CT80 Svs were detected in jejunum, ileum and colon of the cystic fibrosis mice. The expression profile of MUC1CT80 at the protein level was further confirmed using a mouse polyclonal antibody generated against the unique sequence present in CT80 Sv. The sequence analysis revealed that the first 48 amino acids in CT of MUC1, CT58 and CT80 are same, however, due to change in reading frame both CT58 and CT80 contain 10 and 32 unique amino sequences at C-terminal, respectively, and lack β-catenin and Grb2 binding sites (49) .
We have evaluated the expression of MUC4 Svs in pancreatic cancer cell lines, testis, lung and trachea. The majority of pancreatic cancer cell lines (79%) showed higher expression of wild-type MUC4 along with the expression of 12 variants (i.e. sv4, sv9, sv10-sv18 and sv21). Normal testis, lung and trachea also expressed sv4, sv19 and sv20-MUC4 Svs. However, the sv10 Sv was absent in normal tissue but was specifically present in the pancreatic cancer cell lines (50) . In 2014, Xie et al. characterized the role of MUC4/Y in the pancreatic cancer cell line, MIAPaCa-2 using a lentivirus-based overexpression system. In this study, overexpression of MUC4/Y Sv significantly accelerated the tumor progression, suppressed apoptosis, altered cell morphology and interfered with cell cycle regulation under both in vitro and in vivo conditions. Further MUC4/Y activated JNK and AKT pathways but had an insignificant effect on the phosphorylation of Her-2 (51) . Another study has demonstrated that the deletion of AMOP domain in MUC4/Y Sv reduces the angiogenic and metastatic potential of MUC4/Y in pancreatic cancer (52) . On similar lines, MUC4/X is also expected to play a significant role in cancer pathology.
Wild-type MUC3 is present in the human tissues as well as colon cell lines, including Caco-2, LoVo, LIM1899, LIM 1215 LS 174T, HCT116, SW116 and KM12SM. Svs lacking E3 showed distribution pattern similar to wild-type in the intestines and colon; however, E4 and E5 lacking transcripts showed more restricted distribution. E5 lacking transcripts were absent in fetal small intestine and fetal and adult colon (20) . A genome-wide association study analyzed the expression of rare and low-frequency single-nucleotide variants in 350 inflammatory bowel disease samples and demonstrated that a rare variant of MUC19 was associated with higher risk for the disease (53) .
SNP, in addition to facilitating splicing events, also predisposes to cancer progression. Patients with SNP at rs2070803 and rs4072037 in MUC1 gene have higher risk of developing diffuse-type gastric cancer (54) . The presence of G/G phenotype at rs4072037 SNP is more frequently present in the colorectal patients compared with the controls (55) . The frequency of C allele at rs1104760, and rs2688513, A allele at rs2258447 and G allele at rs2246901 in MUC4 is associated with the advance stage of the endometriosis (56) . Similarly, homozygous SNP rs12984471 in MUC16 showed poor survival of ovarian cancer patients and higher circulating levels of CA125 (57) . Further, homozygous CC at position rs2547065 is associated with higher risk of ovarian cancers (58) . Three SNPs at rs11564245, rs4768261 and rs2933353 in MUC19 are significantly associated with the development of the Crohn's disease (59) .
Mucin Svs in immune modulation
Expression of MUC1/A is associated with the protection and lubrication of the ocular surfaces. Low levels of MUC1/A have been implicated in dry eye syndrome. In COS-7 cells, overexpression of MUC1/A increased the expression of interleukin 8 and interleukin 1β after 24 h of treatment with tumor necrosis factor alpha, contrary to MUC1/B, which has no impact on the expression of these cytokines. MUC1/A further increased the basal expression of transforming growth factor beta, thereby modulating the inflammatory response to dry eye syndrome (60) (61) (62) . The MUC1 VNTR region has also been shown to form complexes with the nuclear factor kappa light-chain enhancer of activated B cells p65 subunit and upregulate the expression of the pro-inflammatory cytokines, including interleukin 6 and tumor necrosis factor alpha. Further, expression of nuclear factor kappa light-chain enhancer of activated B cells correlated with the number of tandem repeats present in the MUC1 VNTR region (63) . The anti-tumor response of MUC1 Svs has been investigated in breast cancer. DA3 mammary tumor cells expressing the MUC1/SEC Sv failed to grow in immunecompetent mice but developed tumors in T-cell deficient animals. Further evaluation demonstrated that MUC1/SEC upregulated the expression of chemokine (C-C motif) ligand 2 that is responsible for T-cell recruitment (64, 65) . Moreover, the DA3 cells expressing MUC1/SEC recruit significantly less myeloid-derived suppressor cells compared with DA3-derived tumor expressing wild-type MUC1. MUC1/SEC expression downregulated the levels of urokinase Plasminogen Activator (uPA) in tumor cells via STAT1-dependent pathway, resulting in decreased myeloid-derived suppressor cells recruitment. Further, MUC1/SEC repressed the expression of arginase1 and generation of reactive oxygen species required for the suppression of the anti-tumor response by myeloid-derived suppressor cells (66) .
Mutational profile of cancer-associated mucins
In addition to alternative splicing, site-specific variations due to mutations may further contribute to the transcriptional heterogeneity observed in the expression of cancer-associated mucins. Indeed, in colorectal cancer, microsatellite instability resulting from deficiencies in mismatch repair mechanisms may lead to an increase in variation within cancer-associated mucins (67) .
The increased frequency of genetic changes in cancer-associated mucins may play an important role in cancer pathogenesis. To identify the source of variability among mucins, mucin-specific somatic mutations were profiled among breast, ovarian, pancreatic, colorectal and lung cancers. This in silico investigation was performed using International Cancer Genome Consortium database. Sample information corresponding to 1333 breasts, 677 ovarian, 999 pancreatic, 675 colorectal and 1062 lung cancers was obtained from the database. Specifically, MUC1, MUC4, MUC16 and MUC5AC were queried for the presence of somatic mutations and their corresponding incidence rates were measured. Mapping of mutations to the affected regions was performed in comparison with reference sequence grch37.p13. Multigroup comparisons were done by the use of Kruskal-Wallis test (oneway analysis of variance) with a P value <0.05 being considered statistically significant. Subsequently, Conover method was used for post hoc nonparametric analysis of the subsets (68) .
Analysis across the five cohorts revealed an unequal incidence of mutations throughout the panel of cancer-associated mucins. Most notably, a statistically significant increase in the number of samples harboring MUC4 and MUC16 mutations was observed compared with samples exhibiting MUC1 or MUC5AC mutations (Figure 2A ). Due to aberrant overexpression of MUC4 in multiple cancers, a more in-depth assessment of the MUC4 mutation bearing samples was performed, and the mutational incidence was subsequently resolved to the exonic regions affected. Consequently, mapping the precise locus affected to the corresponding exons revealed a sparse distribution of mutational incidences throughout the MUC4 transcriptional sequence. Interestingly, across all tissue sites examined, an island of mutational accumulation indicative of microsatellite instability was identified within E2 corresponding to the tandem repeat domain (Figure 2B and 2C) .
Furthermore, although a general increase in somatic mutations was observed within E2, lung cancer specifically showed a significantly higher abundance (P < 0.05) of mutations in E2 (Table 1) . Indeed, within the 55 lung cancer subset, there were 422 mutations within E2. Moreover, although breast, ovarian, pancreatic and colorectal cancer sample subsets exhibited between 0.29 to 1.18 E2 mutations per sample, lung cancer samples exhibited an average of 7.67 E2 mutations per sample ( Figure 2B inset) . Examination of the frequency of mutational occurrence per patient showed a subpopulation that possess an aberrantly increased accumulation of genetic insults to this region ( Figure 2D ).
Although E2 mutations appear to be pathognomonic in MUC4, there are tissue-specific sample subsets that exhibit exceptionally robust and cumulative changes at this genetic locus. Furthermore, although changes in the magnitude of gene transcription and alternative splicing may significantly contribute to 20, 14, 23, 1, 3, 4, 9, 16, 24, 12, 25, 5, 7, 8, 11, 13, 17, 18, 19, the phenotypic alterations, the compounding effects of accumulating mutations within a particular region or domain may be of comparable functional significance. The exome sequence analysis from ~3000 tissues samples revealed that MUC16 is among 12 most mutated genes regardless of tumor type. However, the functional significance or contribution of these mutations to tumor pathogenesis has not yet been determined (69) .
Conclusion and perspective
Mucins project up to 200 nm into the extracellular space due to their exceptionally large size and are enriched in ECM-interacting domains like NIDO, SEA, AMOP and vWD. Hence, mucins are uniquely endowed to interact with the extracellular environment as compared with other cell surface proteins. Alternative splicing involving exons encoding ECMinteracting domains can confer unique combinations of functional domains that can potentially facilitate novel interactions with the ECM proteins like collagen, fibulin-2 and galectins to promote tumor progression and metastasis. Moreover, alternative splicing involving transmembrane domains can generate truncated secretory forms of otherwise transmembrane mucins, which could be exploited as potential biomarkers in liquid biopsies for risk stratification, prognosis and evaluating response to therapies (Figure 3) . Functionally, such soluble and truncated variants may also compete with the co-expressed wild-type forms for interacting partners and can thus modulate cell-cell or cell-matrix interactions and regulate mucinbased signaling. The tandem repeat domains, which are the hallmark of mucins, are decorated with diverse glycosylated structure that mediate both homotypic and heterotypic cellcell interactions and can thus participate in critical processes like metastasis, immune evasion and angiogenesis. Genetic variants of mucins that lack tandem repeat domains or harbor mutations in this region, as observed in MUC4, can result in altered glycosylation patterns and modulate cellular interactions and signaling mediated by mucin glycans and thus impart novel functions to the mucins.
Cancer-specific changes in the reading frame or mutations generate unique amino acid sequences that can be targeted cell-specific functions under normal and various pathological conditions. Absence of the heavily glycosylated tandem repeat region in mucins will reduce the stearic hindrance and facilitate improved interaction of mucins with surface receptors/proteins through various functional domains. These interactions can initiate oncogenic signaling leading to cancer cell proliferation, migration and resistance to apoptosis. Deletion of the transmembrane domain ( ) due to alternative splicing will lead to the secretion of membrane-tethered mucins in the body fluids that can serve as biomarkers for various cancer and inflammatory disorders. These alternatively spliced cancer-associated mucins can be used for the risk stratification, tumor grading, predicting response and resistance to therapy and prognosis. The cartoon is the pictorial demonstration of Svs specific to MUC4 and MUC1 with their designated and putative functions.
to specifically differentiate malignant phenotype from benign pathologies and inflammatory disorders. Concurrently, unique alternative splice junctional sequences in the mucin ectodomain can easily be targeted using radionuclide and toxin-tagged junction-specific antibodies for both imaging and therapeutic purposes. This has been demonstrated by targeting alpha/beta junctions of MUC1 by Pseudomonas toxin (PE38)-tagged DMC209 antibody in breast cancer (70) . The unique sequences resulting from alternative spicing or mutations in mucin genes can potentially elicit an immune response in cancer patients. If the genetic variants occur early during tumorigenesis, it would be interest to test whether specific auto-antibodies directed against these unique sequences exist in patients and have potential as diagnostic or prognostic biomarkers. The unique sequences in the genetic variants of mucins can also be used to design vaccines to effectively break tolerance and develop Sv-specific immunotherapy approaches. Understanding of the expression pattern, mechanistic contribution and mechanism of mucins splicing will provide additional tools to develop novel therapeutic interventions for cancer and other pathologies. It is important to emphasize that our current understanding regarding the expression patterns of mucin Svs is based on transcript analysis and their existence and relative abundance at protein level remains to be determined in biological samples due to lack of specific antibodies. Similarly, the knowledge regarding the functional role of a handful of mucin Svs is based on ectopic overexpression studies. Therefore, extensive efforts are needed to develop antibodies and small interfering RNAs directed against unique sequences in the Svs and capable of distinguishing them from wild-type forms. Subsequently, it will also be of interest to develop genetically engineered mouse models of disease-relevant mucin Svs to determine their functional impact on pathobiology. Such reagents and models will not only provide deeper insight into the abundance and functional relevance mucin Sv proteins but also serve as a critical resource for the developing and testing diagnostic and therapeutic modalities targeting mucin Svs. Further, the absolute changes in the expression of cancer-associated mucins and increased Svs production may be under the diagnostic thresholds of detection. Thus, combined use of tissue-specific signatures of cancer-associated mucin Svs and profiling of the microsatellite instability may confer an additional diagnostic and prognostic benefit. Finally, long untranslated mucin Svs mRNA can function similar to long noncoding RNA and act as a scaffold for assembly of the multimeric protein complexes involved in the regulation of multiple cellular processes. Together, the unexplored world of mucin Svs provides a unique opportunity to comprehend their biological significance, utility as biomarkers and pathology-specific targeting.
